Abstract-A method for retrieving evaporation duct height (EDH) is introduced in this paper. The proposed technique employs the changes in radar sea clutter power observed at different heights as input information. It identifies the EDH associated with the modeled clutter change pattern that best matches measured change patterns. The performance of the method is evaluated in terms of RMS errors in retrieving actual EDHs that range from 0 to 40 m. The comparison of the proposed method with the conventional clutter pattern matching method shows that the former more effectively retrieves actual EDHs.
INTRODUCTION
An evaporation duct is a quasi-permanent anomalous structure of the atmospheric refractivity frequently encountered in open oceans and coastal zones. It is created by rapid anomalous changes in the vertical atmospheric temperature and humidity gradients immediately above water masses [1, 2] . Many nonstandard propagation events can be induced by this ducting condition, including over-the-horizon detection, radar holes where the radar is effectively blind and positioning failure [3] [4] [5] . Accordingly, understanding the atmospheric environment is essential in evaluating and predicting the performance of maritime radar and communication systems.
The modified refractivity profile of an evaporation duct is classically modeled using the log-linear Paulus-Jeske model [2, 6] , in which evaporation duct height (EDH) is the only parameter that determines duct strength. Various traditional methods have been used to determine the atmospheric refractivity profile; these approaches include "bulk" models with in situ measurements as input, microwave refractometers [7] , LIDAR techniques [8] , and many numerical weather prediction models [9] . In recent years, a technique referred to as refractivity from clutter (RFC) has been widely used in retrieving the refractivity profile in maritime environments [10] [11] [12] [13] [14] . This method can easily be performed without additional instruments apart from the radars installed on ships. The refractivity profile with high temporal and spatial resolution can then be inferred from radar clutter returns. The RFC technique has been successfully applied to the inversion of evaporation duct profiles (i.e., EDHs). To estimate EDH from radar sea clutter observations, Rogers et al. [10] used a nonlinear least squares inversion procedure, which was tested with data from an experiment conducted at Wallops Island, Virginia, in 1998. Yardim et al. [15] tracked the temporal and spatial evolution of evaporation duct parameters from radar sea clutter using an extended Kalman filter. Later, they investigated the performance of an evaporation duct RFC estimator by introducing an error metric as a function of the radar parameters, sea surface characteristics, and the environment; the authors also developed a Bayesian estimator that incorporates meteorological statistics into RFC inversion [16, 17] . Very recently, Karimian et al. [18] provided a good review of the many applications of the RFC technique.
The RFC technique identifies the best atmospheric refractivity profile by matching measured radar clutter power patterns with those predicted by forward propagation models. In retrieving the modified refractivity profile for an evaporation duct, this technique is generally performed on the basis of the clutter power received at a fixed antenna height, as in Rogers et al. [10] , Yardim et al. [17] , and Wang et al. [19] . That is, only one observed clutter power pattern is used as input into an RFC inversion algorithm. In the present study, this implementation approach of the RFC is referred to as the "clutter pattern matching" (CPM) method. Because limited clutter information is employed, inferring the evaporation duct profile by the CPM method is difficult in some cases. For example, some actual EDHs are difficult to retrieve when sea clutter is measured by a radar system with inappropriate frequency and antenna height. Therefore, more sources of radar clutter observations are necessary to improve RFC performance in EDH retrieval.
In this paper, we introduce a new EDH retrieval method, which takes advantage of radar sea clutter received at various heights. The inspiration behind this method primarily stems from the significant influence of antenna height on the clutter library of an evaporation duct; this influence results in different RFC performance levels. The simplest approach to performing inversion using multiple observed clutter patterns is multi-objective optimization, but we do not adopt this method because of its mechanicalness. We found that changes in the power of radar sea clutter returns, as a function of receiving height, exhibit good sensitivity to EDHs. Consequently, the clutter change pattern resulting from these power changes can be used to retrieve EDHs. This method, referred to as the "clutter change pattern matching" (CCPM) method in this paper, is developed in Section 4. The corresponding EDH inversion model is also presented. The performance analysis discussed in Section 5 shows that the CCPM method more effectively retrieves most actual EDHs than does the conventional CPM method.
FORWARD MODELING

Radio Refractivity Environment Model
A radio refractive environment is commonly described by atmospheric refraction index n, which is dependent on atmospheric pressure, temperature, and water vapor pressure. The value of n is typically 1.00035 at the Earth's surface, but varies, with its height rarely exceeding ∼ 1.0004 [20] . This minimal variation enables a more convenient description of the refractive index in terms of refractivity N , defined by
The radio refractive environment can be classified into standard, subrefraction, superrefraction, and ducting environments. Ducting environments are those associated with refractive conditions for which dN/dh < −0.157 N-units/m. To take the effects of the Earth's curvature into account, we introduce a modified refractivity M , defined as M = N + 0.157z [20] , where z is the height above the mean sea level. M can identify ducting (trapping) gradient regions more clearly because ducting occurs when dM/dz < 0. In ducting environments, radio rays are bent toward the surface of the Earth more rapidly than at the Earth's curvature. These rays are also trapped for an extended range. Three typical types of atmospheric ducts exist: evaporation, surface-based, and elevated ducts [20, 21] . Evaporation ducts are created by the rapid decrease in moisture immediately adjacent to the ocean surface, and are nearly permanent propagation mechanisms for the radar waves propagating over the ocean surface. The occurrence probability of an evaporation duct is up to 89 % at the South China Sea [22] . Electromagnetic wave propagation modeling and atmospheric refractivity environment estimation necessitate a parametric refractivity profile model [23] . The modified refractivity profile for an evaporation duct is usually simulated using the log-linear Paulus-Jeske model [2, 6] as follows:
where z is the height (m) above the mean sea level; δ denotes the EDH (m) which is the top height of the trapping layer; z 0 is an aerodynamic roughness factor whose typical overwater value is 1.5 × 10 −4 m; M 0 represents the modified refractivity at the sea surface. Because the radio wave propagation depends on the vertical and horizontal gradients of the modified refractivity not on its absolute value, M 0 is taken as a typical value 339 M-units in this study The Paulus-Jeske model is derived under neutral stability conditions (i.e., the difference between air and sea surface temperatures is nearly zero) and used for all EDH inversions in this paper.
Radar Wave Propagation Modeling
The RFC of an evaporation duct is an inverse estimation problem; thus, the RFC technique has to be implemented on the basis of a forward calculation model, i.e., a radar wave propagation model. The performance of this model heavily affects estimation results. Given an atmospheric refractivity structure M in a maritime environment, the received radar sea clutter power can be modeled by a monostatic radar equation:
where x is the range from the radar transmitter, P t denotes the transmitter power, G is the antenna gain, λ represents the wavelength, A c is the radar cell area, and F is the pattern propagation factor. σ 0 denotes the backscattering coefficient of the ocean surface [24] [25] [26] [27] [28] [29] , calculated using the GIT model [2] in this work. The pattern propagation factor accounts for the effect of refractivity structure M and the pattern function of the transmitting antenna. We model this factor using a parabolic equation (PE) method [30] . The final form of the PE [31, 32] is
where u(x, z) is the electromagnetic field component at range x and height z, k is the wave number, and n denotes the index of refraction of the atmosphere. 2z/a e accounts for the spherical shape of the Earth; when it is disregarded, (4) describes the propagation over a flat Earth. The PE has a mixed Fourier split-step solution [31] :
where ∆x is the range step in PE, p = k sin θ is the transform variable (θ is the angle from the horizontal), and m(x, z) is the modified refractivity term at the 2D space (x, z). The definitions of the other parameters can be found in Kuttler and Dockery [31, 33] .
In terms of split-step field u, we can express the pattern propagation factor in a rectangular coordinate system as follows:
where x is the distance between the point of interest and radar transmitter.
The radar clutter power given by (3) can be simply expressed using one-way path loss L(x, M) thus:
with L(x, M) = 32.44 + 20 log 10 f (MHz) + 20 log 10 x(km)
where f is the radar frequency in MHz, and C is a constant that depends on the radar parameters, expressed as
with θ AZ as the azimuth beam width (radian), ϕ as the grazing angle (radian), ∆r as the radar range bin width (m), and λ as the wavelength (m). P c and L in (7) and (8) are in dB. Two examples of radar wave propagation in evaporation duct environments are shown in Fig. 1 . The frequency is 10 GHz. The diagrams show that the path loss is significantly reduced by the evaporation duct, and that the trapping phenomenon occurs in these conditions. 
CLUTTER PATTERN MATCHING METHOD
The conventional CPM method for evaporation duct RFC inversion identifies the EDH associated with the clutter pattern (in the modeled clutter library) that best matches the observed clutter pattern. The match between the modeled and observed clutter patterns is normally quantified by an objective function used in optimization. The structure of the modeled clutter library determines the sensitivity of the objective function to the EDH, and therefore determines how well the CPM method performs in a given evaporation ducting environment. The clutter libraries for three radar frequencies and four antenna heights are shown in Fig. 2 . The other radar system parameters used in the clutter power predictions are listed in Table 1 . Wind speed and direction are assumed to be 8 m/s and upwind, respectively. These conditions correspond to an average wave height h av = 0.82 m (h av = (V w /8.67) 2.5 ) and wind direction φ = 180 • which are used in shows that the clutter power pattern for S-band monotonically increases with increasing EDH. However, the rate of power increase gradually decreases and the clutter patterns that correspond to larger EDHs converge to almost the same value. The larger the antenna height, the faster the convergence. The low sensitivity of the clutter pattern to larger EDHs causes difficulty in EDH retrieval. As the radar frequency increases, the structure of the clutter library becomes more complex, as shown in Figs. 2(b1)-2(b4) (C-band) and Figs. 2(c1)-2(c4) (X-band). In these cases, the clutter pattern first monotonically increases as EDH rises to a critical value, and is then dominated by constructive/destructive interference. This pattern change is beneficial to the retrieval of numerous EDHs, except those near the critical value.
At an antenna height of 25 m, the libraries (Figs. 2(b4) and 2(c4)) have structures similar to that of the S-band radar.
The effect of the different clutter library structures (resulting from different radar frequency-height combinations) on the evaporation duct RFC performance is usually quantified by the objective function used in inversion. A conventional objective function used in previous EDH inversion research is the least squares error function (LSEF) [11] , defined as
with
where m represents the environmental parameter vector to be retrieved, which in effect contains only one parameter (EDH) for the evaporation ducting environment (2). x 0 and x f are the initial and final ranges of the clutter returns used in inversion, and N x is the number of the range bins in this range interval.P obs c andP c (m) are the means of the observed and modeled clutter power, respectively; they are introduced here so that the objective function depends only on the variation in clutter power but not on the absolute power level.
Different objective function sensitivities to EDHs result in varied retrieval qualities. The LSEF sensitivity characteristics that correspond to the clutter libraries given in Fig. 2 are shown in Fig. 3 . Three actual EDHs (i.e., objective EDHs for retrieval) -10, 20, and 30 m -are considered for each radar frequency-height combination. One can see that the objective functions that correspond to the three actual EDHs have different EDH sensitivities. These differences result in varied levels of inversion for a certain frequency-height combination in retrieving the different EDHs. That is, the actual EDHs are retrieved under varying levels of difficulty given a certain radar frequency and antenna height. For example, retrieving the EDHs from 20 to 30 m at a radar frequency of 6 GHz and an antenna height of 10 m involves hard work (Fig. 3(b1) ). Comparing all the subfigures in Fig. 3 shows that for different radar systems (frequency-height combinations), the objective function that corresponds to an actual EDH exhibits different EDH sensitivities, thereby generating varied levels of performance for these radar systems in retrieving the EDH. If the actual EDH is 30 m, for example, a frequency-height combination of 6 GHz-15 m (Fig. 3(b2) ) 
CLUTTER CHANG PATTERN MATCHING METHOD
Clutter Chang Pattern and Objective Function
The different performance levels generated by a given frequencyheight combination in retrieving different actual EDHs and by different frequency-height combinations in retrieving a given EDH (illustrated in Section 3) indicate that retrieving all possible actual EDHs (0-40 m) using the sea clutter from only one frequency-height combination (i.e., the CPM method) is difficult to achieve in certain cases. EDH inversion quality can be improved by combining the sea clutter from multiple radar frequency-height combinations. In this section, we introduce an EDH inversion method, which works on the basis of the changes in the power pattern of radar sea clutter as receiving height increases. This technique is referred to as the CCPM method. Let us assume that the receiving height increases from 9 to 25 m in 0.5 m increments. The sea clutter change pattern libraries for three radar frequency bands (S, C, and X) are shown in Fig. 4 . The mean The clutter change pattern library for S-band (Fig. 4(a) ) consists of change patterns with monotonically varying vertical slopes as EDH increases. This monotonic and distinct variation in the vertical slope results in good sensitivity to different EDHs. The C-and X-band libraries (Figs. 4(b) and 4(c)) have more complex structures because the vertical slope of the clutter change pattern becomes more intricate as EDH increases. Despite this slope complexity, the differences between these patterns are clearly observable. Thus, good EDH sensitivity may also exist. The EDH sensitivities described above suggest that the actual EDH can be retrieved by matching the measured clutter change pattern and that derived by a forward model. The EDH associated with the best match is our expected inversion result. We introduce the newly defined LSEF as the objective function to quantify the match in this scenario:
where h 0 and h f are the initial and final receiving heights of the sea clutter returns, and N h is the number of antenna heights in this height interval. ∆P obs c and ∆P c (m) denote the means of the observed (measured) and modeled mean increments of clutter power ∆P obs c (h) and ∆P c (h, m), respectively. The rest of the parameters have the same definitions as those in (10)- (13) .
The EDH sensitivity characteristics (which correspond to the three clutter change pattern libraries shown in Fig. 4 ) of the new objective function given by (14) are shown in Fig. 5 . The red circles indicate the locations of the minimum fitness value. This objection function achieves global minima for the three cases only at the actual EDHs, indicating good EDH sensitivity, which in turn, results in robust inversion. However, at 10 GHz (Fig. 5(c) ), the objection function has a local minimum at an EDH of approximately 24 m (denoted by a red square), which is very close to the global minimum at an observed EDH of 10 m. This result may diminish inversion quality when the actual EDH is about 10 m.
The performance of the CCPM method, in which the new objective function is used, is illustrated in Section 5.
Inversion Model
The CCPM method can be employed to develop the evaporation duct inversion model, i.e., the EDH retrieval procedure, described as follows: (h, x) and those received at initial height P obs c (h 0 , x) are calculated. 3) Evaporation ducting environment M is modeled; that is, a parameter vector m of the evaporation duct M-profile is identified for retrieval. In this paper, the evaporation duct is simulated by the Paulus-Jeske model given by (2) . Thus, the dimension of m is 1, containing only the EDH.
4) The sea clutter returns received at height interval [h 0 , h f ], i.e., P c (h, x, m) in (16) , are predicted using the forward propagation model provided in Section 2.
5) Mean increments ∆P c (h, m) between the predicted clutter powers received at different heights P c (h, x, m) and those received at initial height P c (h 0 , x, m) are calculated. The mean increments for different EDHs make up the clutter change pattern library.
6) The objective function is constructed using (14) to quantify the fit of ∆P c (h, m) in ∆P obs c (h). 7) The objective function is optimized using an optimization algorithm. The EDH associated with the minimum fitness value is regarded as the inversion result.
PERFORMANCE ANALYSIS
In this section, we evaluate the performance of the CCPM method in retrieving EDHs. To this end, we compare the proposed method with the CPM approach. The inversion results presented here are in accordance with the inversion scenarios discussed in Sections 3 and 4. These results are based on a particle swarm optimization [34, 35] inversion algorithm.
The performance of the two EDH retrieval methods is illustrated using the RMS errors in the inversion of evaporation ducts, with actual EDHs ranging from 0 to 40 m (Fig. 6) . The RMS errors are based on 1000 inversion realizations and defined as
where δ actual and δ i denote the actual and i-th retrieved EDHs, respectively. Because the clutter statistical characteristics affect the evaporation duct estimation significantly [17] , we consider it in the actual clutter power modeling. The K-distribution was introduced as an effective means to represent the sea clutter amplitude, and is used extensively in applications with low grazing angles. This distribution is used in this paper to account for the low grazing nature of the RFC. Besides, because of the low-resolution nature of the RFC, very spiky clutter is less likely to be encountered in RFC applications. The clutter is expected to be mildly to weakly spiky with the shape factor v = 1-5 for most RFC applications [17] . For generality, the shape factor v is taken as 2.5 in this study.
The results of the CCPM method shown in Fig. 6 are generated on the basis of the radar sea clutters received at heights ranging from 10 to 25 m. For each radar frequency, these results are compared with four results of the CPM approach generated at four different antenna heights (10, 15, 20 , and 25 m). The visual inspection shows that under a 3 GHz radar system, the CCPM method performs well for all the actual EDHs according to the small RMS errors (Fig. 6(a) ). In this case of radar frequency, CCPM is more advantageous in retrieving high EDHs because the CPM method yields larger RMS errors in the This result is supported by the sensitivity of the objective function ( Fig. 3(a) ). The comparison of the two methods under a 6 GHz radar system is illustrated in Fig. 6(b) . For actual EDHs lower than 35 m, CCPM performs better than does CPM. The large RMS errors of the CPM method for actual EDHs between 13 and 30 m result from the low EDH sensitivities of the objective function (Fig. 3(b) ); these errors are effectively mitigated by the CCPM method. For actual EDHs higher than 35 m, however, both the proposed and CPM method produce biased results. The performance of the two EDH retrieval methods under a 10 GHz radar system (Fig. 6(c) ) is similar to that under a 6 GHz radar system (Fig. 6(b) ). In this case, one should note that the RMS EDH error of the CCPM method has a relatively high value at an actual EDH of about 9 m. This phenomenon is attributed to the local minimum of the objective function at the ∼ 24 m EDH (denoted by a red square in Fig. 5(c) ). Overall, the CCPM method more effectively retrieves most EDHs than does the CPM method. Although the proposed approach exhibits poor performance for actual EDHs higher than 35 m under a 6 or 10 GHz radar system, it is still the recommended method because an evaporation duct with very high EDH rarely occurs.
CONCLUSION
On the basis of good EDH sensitivity of the power change of radar sea clutter versus receiving height, we introduce a new EDH inversion method. It identifies actual EDHs by matching measured clutter change patterns and those predicted by forward propagation models. This method is called clutter change pattern matching (CCPM). The performance analysis indicates that the CCPM method has smaller RMS errors than does the conventional clutter pattern matching method in the inversion of most actual EDHs. This result suggests more effective EDH retrieval. The factor that restricts the application of this method is that the employed radar system requires a variableheight antenna.
ACKNOWLEDGMENT
This research was supported by the National Natural Science Foundation of China under Grants 61172031 and 41175012.
